The plaque-induced forms of periodontal diseasegingivitis and periodontitis -are extremely prevalent chronic inflammatory conditions that affect distinct components of the periodontium (8) . In gingivitis, the more benign of the two conditions, the inflammatory process is limited to the gingival epithelium and connective tissue. In its most severe form, the clinical manifestations of gingivitis include breakdown of the epithelial and connective tissue attachment of the gingiva to the teeth and the formation of gingival pockets. In contrast, the hallmark of periodontitis is an immunoinflammatory infiltrate of the deeper compartments of the periodontium, resulting in destruction of the tooth-supporting tissues (cementum, periodontal ligament and alveolar bone), tooth mobility and, ultimately, tooth loss. Furthermore, moderate-to-severe periodontitis is associated with increased risk for certain systemic disorders (e.g. atherosclerosis and rheumatoid arthritis) (83) .
In 1976, Roy Page & Hubert Schroeder published their classic paper 'Pathogenesis of chronic inflammatory periodontal disease: A summary of the current work' (213) . Based on evaluation of tissue obtained from both human and animal models of naturally occurring and experimentally induced disease, the authors provided a histopathologic 'roadmap' of the events leading to clinically detectable gingivitis and periodontitis. In describing the host response to the accumulation of dental plaque, they defined four lesions. The initial, early and established lesions exemplified distinct stages of gingivitis, and the advanced lesion was equated with overt periodontitis. Limited by the available knowledge regarding the induction and regulation of inflammatory and immunologic reactions, the paper provided a description of the sequential cellular (stromal and infiltrating) and structural events progressing from periodontal health to disease. These included: (i) increasing complexity of the composition of the cellular infiltrate from one dominated by neutrophils (initial lesion) to one containing large numbers of macrophages and T-cells (early lesion) and finally to one with a preponderance of plasma cells (established and advanced lesions); (ii) proliferation of basal cells and eventual apical migration of the junctional epithelium; (iii) cytopathologic changes in fibroblasts and increasing loss of collagen in the gingival connective tissue; and (iv) bone loss in the advanced lesion.
Although there was limited knowledge regarding the identities and roles of periodontitis-associated bacterial species at the time that Page & Schroeder co-authored their landmark paper, they were quick to realize that the bacteria were an essential, but not a sufficient, cause of periodontitis. They observed that the established lesion (moderate-to-severe gingivitis) did not necessarily progress to periodontitis but could remain stable indefinitely, leading them to conclude that the host response to the bacterial challenge plays a key role in determining the extent and severity of disease (213) .
Capitalizing on the concept that periodontitis results from host-microbe interactions, Page, along with Kenneth Kornman and Maurizio Tonetti, published a manuscript in 1997 entitled 'The host response to the microbial challenge in periodontitis: assembling the players' (137) . The authors utilized the analogy of putting on a theatrical production and described how the stage changes as the storyline progresses from health through disease progression. They proposed four 'scenes', each of which included its histologic features, predominant cell types and a list of key molecular players. As with the original paper, these authors stressed that progression from one scene to the next was not an inevitable process. Rather, they suggested that bacteria and/or their products, as well as intrinsic and extrinsic factors that modify an individual's response to the bacterial challenge, collectively determine progression (or not) from one scene to the next. The four scenes were: (i) an acute bacterial challenge phase (representing the response to the early colonizers of the acquired pellicle); (ii) an acute inflammatory phase (a mild inflammatory response representing a reactive host response to bacterial challenge); (iii) an immune response phase (activation of numerous types of mononuclear cells that mediate and regulate the local and systemic immune responses); and (iv) a regulation and resolution phase (representing the point at which a normal protective host response may deviate toward a destructive chronic immunoinflammatory process). This interpretation further underscored the complexity of the interactions between the bacterial challenge, host response and modifying factors that contribute to the ultimate outcome, disease protection or progression. Recent microbiome and mechanistic studies revealed that: (i) the periodontitis-associated microbiota is much more diverse and complex than traditionally thought; and (ii) its role in disease involves polymicrobial synergistic and dysbiotic interactions with the host (4, 49, 52, 90, 143) . Although the emerging understanding is that periodontitis represents dysbiosis rather than infection, the original concept that bacteria are necessary, but not sufficient, for periodontitis (thus requiring a susceptible host) is still valid.
Although much of what Page & Schroeder proposed in 1976 (213) has stood the test of time, advances in the fields of basic and periodontal immunology necessitate a reassessment of their work as well as its integration with emerging new concepts. Major advances have been made regarding the cellular and molecular mechanisms underlying the induction, regulation and effector functions of immune and inflammatory responses. Chief amongst these are major developments in our understanding of the mechanisms of innate immunity and how they interface with acquired immune responses. We now recognize that innate immunity is not simply a series of physical, chemical and physiologic barriers, but an extremely complex and highly regulated network of cells and molecules (proinflammatory and regulatory cytokines and chemokines, adhesion molecules and their ligands/counter-receptors) that function over and beyond an initial obstacle to bacterial challenge (66, 76, 84, 202) . The various components of the innate response determine if and when an immunologic response is necessary and thus play both inductive and regulatory roles in these host responses. With respect to the adaptive immune system itself, specialized functional subsets of dendritic cells, macrophages, T-cells and B-cells have been identified that have revolutionized traditional concepts on the roles of antigen-presenting cells and lymphocytes, as well as the mechanisms regulating the collective response (191, 203) . Moreover, it is now appreciated that neutrophils, historically regarded as simply antimicrobial effector cells, exhibit significant functional versatility, including regulation of other leukocytes (93, 241) . During this time, it was also demonstrated that the junctional epithelium can initiate and modulate numerous aspects of plaqueinduced gingival inflammation (22) . At the same time, we came to appreciate that local tissues have a 'regulatory say' over the host inflammatory response through several mechanisms including local production of homeostatic molecules (84, 172, 262) . In addition, an entirely new field of study -osteoimmunology -has emerged as we have come to acknowledge the impact of immunoinflammatory events on the cells that mediate bone formation and resorption (194) (Fig. 1) .
Therefore, the goal of this review is to update the current state of our knowledge regarding the role of the host response in periodontal disease pathogenesis by discussing these new concepts in the context of the lesions described by Page & Schroeder 40 years ago.
Neutrophils Recent developments in neutrophil biology
Healthy human gingiva displays coordinated gradients of chemokines and adhesion molecules that are thought to provide chemotactic and haptotactic cues for the directed migration of neutrophils to the gingival crevice. The concentration of these molecules increases from the basal cells of the junctional epithelium toward its outer surface that forms the floor of the crevice and is therefore closer to the bacterial challenge (79, 276, 299) . The coordinated and regulated recruitment of neutrophils is vital for periodontal tissue homeostasis. This notion is supported by clinical observations in individuals with neutrophil deficiencies affecting absolute cell numbers (chronic or cyclic neutropenia) or trafficking capacity (leukocyte adhesion deficiencies); these individuals display increased susceptibility to, and severity of, periodontitis (80, 187) . However, neutrophils can also be involved in periodontal tissue destruction if their recruitment is not properly regulated or if the microbial challenge in the periodontium cannot be controlled. According to the Page & Schroeder model, the periodontal lesion is initiated as acute inflammation characterized by increased numbers of neutrophils migrating into the gingival crevice through the junctional epithelium (213) . However, besides hallmarking acute inflammation, neutrophils are now increasingly appreciated as important players in chronic inflammatory disorders, including rheumatoid arthritis, psoriasis, atherosclerosis, inflammatory bowel disease, diabetes and cancer (62, 134, 173, 241, 279) . Indeed, research in the past 10-15 years has shown that neutrophils can greatly extend their lifespan and exhibit remarkable functional versatility and hitherto unsuspected roles, including regulatory interactions with both innate and adaptive immune leukocytes (19, 182, 241) . Rather than being rapidly exhausted at peripheral tissues, neutrophils are currently considered as being capable of migrating to lymph nodes where they can interact with dendritic cells to modulate antigen presentation, thereby participating in the regulation of adaptive immunity (167) . IL-10 TGFβ ligand; B, B-cell; BLyS, B-lymphocyte stimulator; C, complement; CCL, chemokine (C-C motif) ligand; CXC, chemokine (C-X-C motif); DC, dendritic cell; FB, fibroblast; G-CSF, granulocyte-colony stimulating factor; IFN, interferon; IL, interleukin; Mφ, macrophage; MMP, matrix metalloproteinase; N, neutrophil; OBL, osteoblast; OCL, osteoclast, P, plasma cell; PGE2, prostaglandin E2; RANKL, receptor activator of nuclear factor-kappaB ligand; ROS, reactive oxygen species; TGFb, transforming growth factor-beta; Th1, T-helper type 1 cell; Th2, T-helper type 2 cell; Th17, T-helper type 17 cell; TNF, tumor necrosis factor; Treg, regulatory T-cell.
In addition to stored granule-derived antimicrobial molecules and enzymes, neutrophils are now acknowledged for their de novo biosynthetic capacity for chemokines and cytokines with proinflammatory, anti-inflammatory or immunoregulatory properties (241) . This previously underappreciated ability of neutrophils facilitates their ability to network with tissue-resident cells and other leukocytes. For instance, by releasing chemokine (C-C motif) ligand 2 and chemokine (C-C motif) ligand 20, neutrophils can induce the recruitment of interleukin-17-producing CD4-positive T-helper 17 cells to sites of infection or inflammation (219) . By secreting the cytokines B-lymphocyte stimulator and a proliferation-inducing ligand (APRIL), neutrophils can promote the survival, proliferation and development of B-cells into antibody-secreting plasma cells (105, 240) (Fig. 1) . Activated neutrophils (e.g. from the synovial fluid of patients with active rheumatoid arthritis) were additionally shown to express membrane-bound RANKL, a key osteoclastogenic cytokine (16, 194) , and thereby able to induce osteoclastic bone resorption (31) . Emerging evidence also suggests that the neutrophil population may not be as homogeneous as traditionally thought but rather it is composed of cells that display substantial functional plasticity to form subsets with specialized cytotoxic or regulatory functions (38, 61, 64, 118, 167, 223) .
These recent concepts suggest that neutrophils could contribute to periodontitis not only by initiating the lesion but also by participating in its progression (e.g. by recruiting T-helper 17 cells or promoting the accumulation of B-cells and plasma cells in the established and advanced lesions). Moreover, as neutrophils dwell and become activated within the gingival connective tissue under severe inflammatory conditions (212) , these cells have the opportunity to contribute to bone demineralization and matrix degradation by releasing matrix metalloproteinases, such as collagenase, and expressing RANKL (31, 103, 147) . Intriguingly, in aggressive forms of periodontitis associated with neutrophil-related primary immunodeficiencies, the disease may not actually be the result of impaired neutrophil immune surveillance but may -alternatively or additionally -derive from disruption of homeostatic mechanisms that are normally performed by neutrophils (188) . In other words, neutrophils can potentially contribute to periodontitis through both their presence and absence, suggesting that neutrophil homeostasis is key to periodontal health. Below we discuss in greater detail recent developments that have promoted our understanding of the fascinating roles of neutrophils in periodontal inflammation and bone loss.
Neutrophil persistence in periodontitis
In response to the tooth-associated biofilm, neutrophils exit the gingival plexus of the postcapillary venules and are chemotactically recruited to the gingival crevice via the junctional epithelium, which, under inflammatory conditions, is largely occupied by transiting neutrophils (48) . Neutrophils are actually the predominant leukocyte type (≥ 95%) in the gingival crevice (48) , where they form a 'defense wall' against the biofilm, ostensibly to block bacterial invasion into the underlying gingival connective tissue (236) . Although neutrophils provide homeostatic immunity in clinically healthy gingiva, their defense mechanisms appear to be insufficient to control a dysbiotic microbial community, despite their persistent recruitment and capacity to elicit immune and inflammatory responses (81, 236) . This implies that periodontitis-associated bacteria can largely escape neutrophil-mediated killing in an inflammatory environment, that is, without causing generalized immunosuppression. In fact, the latter would not be in 'their best interest' because periodontal dysbiotic communities rely on inflammation to secure nutrients, such as degraded collagen and heme-containing compounds derived from inflammatory tissue breakdown (82) .
A possible mechanism whereby periodontal bacteria can uncouple neutrophil-mediated clearance from neutrophil-facilitated inflammation was dissected using Porphyromonas gingivalis as a model organism. This unique bacterium is a keystone pathogen that can manipulate innate immunity in ways that promote the conversion of a symbiotic community into a dysbiotic one (83, 90) . Porphyromonas gingivalis can co-activate complement C5a receptor-1 and toll-like receptor-2 in human neutrophils, resulting in signaling crosstalk that leads to the ubiquitylation and proteasomal degradation of the toll-like receptor-2 adaptor myeloid differentiation primary response protein-88, thereby suppressing a host-protective antimicrobial response. Moreover, this C5a receptor-1-toll-like receptor-2 crosstalk utilizes another tolllike receptor-2 adaptor (the myeloid differentiation primary response protein-88-like adaptor protein) and activates phosphoinositide 3-kinase, which blocks phagocytosis through the inhibition of RhoA GTPase and actin polymerization, while at the same time stimulating the production of inflammatory cytokines (162) . In mice, oral colonization with P. gingivalis leads to the emergence of a dysbiotic and inflammation-provoking microbiota in the periodontium, but pharmacological blockade of C5a receptor-1 or toll-like receptor-2 leads to near elimination of P. gingivalis and reversal of inflammation (162) .
The data from this model suggest a periodontal host-microbe interplay that perpetuates chronic inflammation and recruitment of neutrophils that are unable to control the dysbiotic challenge. Sufficient clinical evidence indicates that neutrophils mediate a substantial portion of periodontal tissue destruction (101, 147) and that their numbers correlate positively with the severity of the disease (144) . Furthermore, owing to persistent inflammation, patients with chronic periodontitis have longer-lived neutrophils in oral tissues compared with healthy individuals (140) .
Supernumerary and dysregulated neutrophils in periodontitis
The extravasation of circulating neutrophils is tightly regulated and proceeds via the leukocyte adhesion cascade, a sequence of low-and high-affinity adhesive interactions between the neutrophils and the vascular endothelium (84, 222, 283) . The first step involves transient rolling interactions between the neutrophils and the endothelium that is mediated by the binding of selectin ligands on neutrophils to P-or E-selectin on endothelial cells. This rolling-dependent slowing down of neutrophils facilitates transition to firm adhesion on the endothelium, which is followed by intraluminal crawling to identify appropriate sites for extravasation. Firm adhesion and crawling are largely mediated by activated beta2-integrins (CD11/ CD18 heterodimers) and endothelial counter-receptors, such as intercellular adhesion molecules-1 and -2 (179, 222, 283) . The neutrophil recruitment cascade has long been established; however, only recently have endogenous mechanisms that down-regulate the process been identified. These mechanisms can block distinct steps of the leukocyte adhesion cascade, such as (i) rolling, (ii) activation and (iii) firm adhesion. The regulatory molecules that mediate these effects are locally expressed by the endothelium or by the recruited neutrophils upon their interaction with endothelial cells (84) . For instance, neutrophilderived pentraxin-3 blocks rolling by binding P-selectin on the endothelium and thus interfering with its interaction with P-selectin glycoprotein ligand-1 on neutrophils (46) . The paired immunoglobulin-like type 2 receptor-alpha on neutrophils mediates immunoreceptor tyrosine-based inhibitory motif signaling, which inhibits activation of beta2-integrin in response to chemoattractants (286) . Endothelial cell-derived developmental endothelial locus-1 is a homeostatic molecule that binds the beta2-integrin lymphocyte function-associated antigen-1 (CD11a/ CD18), and antagonizes its interaction with endothelial intercellular adhesion molecule-1, thereby inhibiting firm neutrophil adhesion to the endothelium (35) . It is therefore feasible that the severity of periodontal inflammation and tissue breakdown is influenced by the relative abundance of these endogenous negative regulators of neutrophil recruitment.
In this regard, developmental endothelial locus-1-deficient mice develop spontaneous periodontitis that is characterized by excessive neutrophil infiltration and interleukin-17-mediated inflammatory bone loss (59) . This observation suggests that normal expression of developmental of endothelial locus-1 is crucial for appropriate regulation of neutrophil recruitment and the local host inflammatory response. Interestingly, the expression of developmental endothelial locus-1 and interleukin-17 are inversely correlated in both human and murine periodontal tissue, with developmental endothelial locus-1 dominating in healthy gingiva and interleukin-17 dominating in periodontitis-involved gingiva (59) . Moreover, expression of developmental endothelial locus-1 mRNA and protein is decreased in the gingiva of aged mice (≥ 18 months of age), correlating with excessive neutrophil recruitment and interleukin-17-dependent inflammatory bone loss (59, 253) . Accordingly, intragingival administration of recombinant developmental endothelial locus-1 in old mice inhibits neutrophil infiltration and bone loss (59) . Similar results were obtained by treating nonhuman primates with recombinant human developmental endothelial locus-1 (254) .
Although it is currently not known whether humans experience decreased expression of developmental endothelial locus-1 in old age, as seen in mice, recruited neutrophils in old individuals might be more likely to cause collateral tissue damage owing to age-related cell-intrinsic defects. In this regard, neutrophils isolated from elderly subjects (≥ 60 years of age) display unfocused or inaccurate chemotaxis during which they release excessive amounts of proteases (238) . Mechanistically, this defect was linked to elevated constitutive phosphoinositide 3-kinase activity, as compared with neutrophils from young controls (238) . In a related context, neutrophils from patients with chronic periodontitis have decreased chemotactic accuracy compared with healthy controls (231) . Therefore, the recruitment of increased numbers of neutrophils with imprecise chemotaxis could exacerbate neutrophilmediated bystander tissue damage.
In addition to elevated numbers, neutrophil hyperactivity or hyper-reactivity can also enhance bystander tissue damage through the release of inflammatory and cytotoxic mediators and enzymes (32, 40, 236, 257) . For instance, peripheral blood neutrophils from patients with chronic periodontitis release higher levels of proinflammatory cytokines (e.g. tumor necrosis factor, interleukin-1beta and interleukin-8) than do healthy controls in response to several stimuli. Interestingly, this hyper-inflammatory phenotype persisted, even following successful periodontal therapy (155) . Therefore, although of uncertain genetic or other mechanistic basis, this hyper-reactivity appears to be spontaneous rather than secondary to local periodontal inflammation. However, long-lasting epigenetic effects on the phenotype cannot be ruled out. Peripheral blood neutrophils from patients with chronic periodontitis also show higher release of reactive oxygen species than do those from healthy individuals, even in the absence of exogenous stimulation. Similarly to the hyper-inflammatory phenotype, this reactive oxygen species-related hyperactivity was not corrected by successful periodontal treatment (171) .
Neutrophil-dependent regulatory functions
A recent study has identified a subset of suppressor neutrophils at sites of inflammation induced by gram-negative bacteria (e.g. the periodontal pockets of patients with chronic periodontitis) but not at sites of aseptic inflammation (e.g. the cerebrospinal fluid of patients with neuromyelitis optica) (149) . Specifically, these investigators showed that human neutrophils produce interleukin-10 following direct contact with lipopolysaccharide-stimulated regulatory T-cells. This interaction is mediated by the beta2-integrin, Mac-1 (CD11b/CD18), on neutrophils and by intercellular adhesion molecule-1 on regulatory T-cells (149) . The ability of human neutrophils to express interleukin-10 was unexpected given that an earlier study showed that the IL10 genomic locus in human neutrophils stimulated with lipopolysaccharide and other proinflammatory stimuli remains in an inactive state, in stark contrast to autologous monocytes that can readily be induced to express interleukin-10 (269). These authors, nevertheless, did not preclude as-yet-undefined conditions under which the human interleukin-10 genomic locus could undergo major reorganization rendering it permissive to activation (269) . In this regard, lipopolysaccharidestimulated regulatory T-cells appear to induce chromatin modifications (H3K4me3, H3AcLys4) specific for transcriptional activation of the interleukin-10 gene in human neutrophils (149) . The biological significance of the interleukin-10-producing neutrophils detected in periodontal pockets is currently uncertain. One possibility is that gram-negative bacteria evade host immunity by programming regulatory Tcells to suppress immune and antimicrobial responses of neutrophils. Alternatively, interleukin-10-producing neutrophils may represent a subset involved in the mitigation of destructive inflammation and/or in promoting the resolution of inflammation.
Additional mechanisms have been described whereby neutrophils can down-regulate the host immune response. Indeed, neutrophils can directly suppress T-cell responses by releasing arginase-1, which depletes arginine (required for T-cell activation) (189, 235) , or indirectly by releasing myeloperoxidase or elastase, which inhibit the antigenpresenting function of dendritic cells (163, 204) (Fig. 2) . Ectosomes (extracellular vesicles with immunosuppressive properties) released by human neutrophils inhibit activation and promote an antiinflammatory phenotype in several types of innate immune cells, including macrophages and natural killer cells (69, 237, 241) (Fig. 2) , which are thought to contribute to destructive periodontal inflammation (290) . Moreover, it was recently shown that a subset of human mature neutrophils (CD16 bright /CD62L dim )
inhibits T-cell activation by delivering hydrogen peroxide into the immunological synapse in a Mac-1-dependent manner (223) (Fig. 2) . It is conceivable, therefore, that the presence of neutrophils may be required for restraining excessive, and potentially harmful, T-cell activation in periodontitis.
Other recent developments do indicate a regulatory function for neutrophils in human periodontal disease, and specifically in the context of an aggressive form of the disease associated with a primary immunodeficiency, leukocyte adhesion deficiency Type Iassociated periodontitis. The extent and severity of attachment loss observed in subjects affected by this condition constitutes unequivocal evidence that neutrophils are required for the maintenance of periodontal health (45, 96, 187, 285) . Leukocyte adhesion deficiency Type I is an autosomal-recessive immunodeficiency caused by mutations in the ITGB2 gene that encode the common subunit, CD18, of beta2-integrins (96, 249) . This deficiency in beta2-integrins impedes normal neutrophil adhesion and extravasation to peripheral tissues, including the periodontium (96, 249 neutrophilia (elevated neutrophil counts in blood), experience frequent infections at mucosal or skin surfaces and develop severe periodontitis in childhood (45, 96, 187, 285) . Given the established antimicrobial activities of neutrophils and the observation that the periodontal tissue of patients with leukocyte adhesion deficiency Type I is specifically devoid of neutrophils, this form of periodontitis has been historically attributed to defective neutrophil surveillance of the periodontal bacterial infection (44, 45, 129, 145, 201, 258, 285) . A recent mechanistic study that examined periodontitis in patients with leukocyte adhesion deficiency Type I and in relevant mouse models has linked impaired neutrophil transmigration to dysregulated overexpression of predominantly T-cell-derived interleukin-17 (187), a proinflammatory and bone-resorptive cytokine (298) (Fig. 3) . Local antibody-mediated neutralization of interleukin-17 in lymphocyte function-associated antigen-1-deficient mice, which mimic the human leukocyte adhesion deficiency Type I phenotype, was shown to diminish periodontal inflammation and bone loss and, moreover, to reduce the microbial burden (187) . These findings are consistent with disruption of the 'neutrostat', a homeostatic mechanism that senses neutrophil recruitment and clearance in tissues and regulates neutrophil production through a negative-feedback loop involving a granulopoietic cascade of cytokines, specifically the interleukin-23/ interleukin-17/granulocyte-colony stimulating factor axis (260) . When neutrophils cannot transmigrate to peripheral tissues, as in leukocyte adhesion deficiency Type I, this regulatory circuit breaks down, leading to unrestrained expression of interleukin-23 and of the downstream cytokines interleukin-17 and granulocyte-colony stimulating factor. Whereas the overproduction of granulocyte-colony stimulating factor explains the increased granulopoiesis and blood neutrophilia in patients with leukocyte adhesion deficiency Type I, the local overproduction of interleukin-17 causes inflammation that leads to bone loss and bacterial outgrowth (187) .
In this respect, it should be noted that inflammation can promote the growth of 'inflammophilic' bacteria that thrive on inflammatory tissue breakdown products (82) . The finding that microbial outgrowth in leukocyte adhesion deficiency Type I periodontitis can be controlled by inhibiting inflammation, despite the absence of the presumed protective effects of neutrophils, questions earlier assumptions that the absence of neutrophils promotes disease as a result of defective surveillance of the periodontal microbiota. This concept also offers a new insight into the longstanding puzzle of why individuals with chronic granulomatous disease, who are susceptible to infections elsewhere in the body, do not exhibit increased susceptibility to periodontitis relative to the general population (201, 257) . Although the neutrophils in patients with chronic granulomatous disease have defective oxygen-dependent killing (because of mutations in the genes encoding components of the nicotinamide adenine dinucleotide oxidase), their recruitment to peripheral tissues, such as the gingiva, is intact. Therefore, normal recruitment of neutrophils may be more critical for the homeostasis of the periodontium than is the ability of neutrophils to kill bacteria, a function that could be compensated for by other innate immune cells, such as macrophages. The notion that leukocyte adhesion deficiency Type I periodontitis does not represent an uncontrolled infection is also consistent with the fact that this form of periodontitis is not responsive to antibiotics and/ or mechanical removal of the bacterial biofilm (44, 45, 187) . This does not imply that the bacteria do not participate in the pathogenesis of leukocyte adhesion deficiency Type I periodontitis. In fact, the toothassociated microbial community serves as the local stimulus to unleash the already dysregulated interleukin-23-interleukin-17 axis through translocation of released bacterial lipopolysaccharide into the underlying gingival connective tissue (92, 185) .
As discussed above, mice deficient in developmental endothelial locus-1 display excessive neutrophil recruitment leading to inflammatory bone loss (59) . Therefore, with respect to neutrophil infiltration in the periodontium, mice deficient in lymphocyte function-associated antigen-1 and mice deficient in developmental endothelial locus-1 display contrasting phenotypes (59, 91, 187) . However, mice deficient in lymphocyte function-associated antigen-1 and mice deficient in developmental endothelial locus-1 both develop spontaneous periodontitis, whereas wildtype littermate controls, or even their corresponding doubly deficient mice, maintain a healthy periodontium (59, 187) . These findings suggest that periodontal tissue homeostasis requires the presence of 'normal' numbers of neutrophils; neither 'too few' nor 'too many'.
Neutrophil subsets in the periodontium
Mounting evidence suggests the existence of distinct neutrophil subsets with diverse roles in infection, inflammation and cancer pathogenesis. In addition to subsets of neutrophils that perform regulatory functions, as discussed above [e.g. the CD16 bright / CD62L dim subset that inhibits T-cell activation (223)], there is precedent for the polarization of tumor-associated neutrophils to phenotypes with anti-tumor or protumorigenic activities (64) . It is thought that tumor-associated neutrophils can be polarized toward a transforming growth factor-betadependent protumoral 'N1' or anti-tumoral 'N2' state that mirror M1 and M2 macrophages, respectively (64, 167) . The presence of tumor-associated neutrophils with proangiogenic and protumoral functions (N2) was also shown by an independent study (110) . Regarding infection control, an investigation conducted in mice has demonstrated three distinct neutrophil subsets that differ in their expression pattern of toll-like receptor, integrin and cytokine, and exhibit dissimilar susceptibilities to methicillin-resistant Staphylococcus aureus (280). More recently, it was shown that human oral neutrophils associated with mucosal health have a different phenotype from those derived from inflamed mucosae (61) . Specifically, in addition to resting/ naive circulatory neutrophils, the authors demonstrated the presence of distinct neutrophil subsets in the oral cavity: intermediately activated parainflammatory neutrophils in healthy oral tissues and proinflammatory neutrophils associated with pathologic inflammation, as in chronic periodontitis. Para-inflammation is a stress response that displays some, but not all, of the characteristics of inflammation; in other words, it is an intermediate state between the basal (homeostatic) and inflammatory states (37) . Proinflammatory neutrophils can be distinguished from para-inflammatory cells by their elevated degranulation, phagocytosis, reactive oxygen species production, formation of neutrophil extracellular traps and display of a characteristic pattern of cell-surface activation markers (61) . At present, it is uncertain whether the above-discussed neutrophil subsets are derived from separate lineages of neutrophils, develop from a single neutrophil precursor with considerable plasticity or represent different stages of neutrophil development/ maturation. Regarding plasticity, it is possible that neutrophils adaptively change their phenotypes in the course of their response to stressors, such as tissue injury, inflammation and infection. For instance, even in a clinically healthy periodontium, the constant presence of a tooth-associated biofilm would necessitate the presence of para-inflammatory neutrophils. Such cells could ostensibly handle the relatively mild microbial challenge without having to become fully activated and risk the integrity of the host tissue.
Macrophages Macrophages in periodontitis: clinical and mechanistic evidence
There are relatively few macrophages in healthy gingiva but their numbers are increased in gingival tissue biopsies from patients with gingivitis or chronic periodontitis (137) . By responding to a variety of microbial conserved structures [e.g. bacterial lipopolysaccharide, lipoproteins and nucleic acids that are abundantly present in the periodontium (126) ], macrophages constitute an important source of proinflammatory and potentially tissue-destructive molecules (interleukin-1, tumor necrosis factor, matrix metalloproteinases and prostaglandin E2) that are elevated in the gingival tissue and gingival crevicular fluid of patients with chronic periodontitis (11, 76, 137) (Fig. 1) . Therefore, macrophages have been assumed by Page & Schroeder (213, 214) to participate in the pathogenesis of periodontitis, a notion that is supported -albeit indirectly -by clinical evidence. For instance, in a study that examined healthy controls, patients with gingivitis and patients with moderate or severe periodontitis, CD68-positive macrophages were positively correlated with collagen breakdown and the severity of periodontal disease (250, 295) . Moreover, an independent study showed that the numbers of macrophages were significantly increased in sites associated with disease progression (≥ 2 mm change in probing attachment levels) compared with contralateral sites that remained stable (297) . More recently, CD68-positive macrophages were detected in abundance in deep periodontal lesions where they express interleukin-23, a cytokine that supports the proliferation of T-helper 17 cells, which are also abundantly present in the lesions along with CD20-positive B-cells (5) .
In line with the clinical studies, P. gingivalisinduced periodontitis in mice is associated with recruitment of monocytes/macrophages to the gingival tissue, whereas clodronate liposome-mediated depletion of monocytes/macrophages results in decreased inflammatory bone loss (142, 261) . Interestingly, macrophage depletion also leads to a significant reduction in the numbers of P. gingivalis that colonize the periodontal tissue (142) . The association of macrophages with elevated periodontal inflammation and P. gingivalis colonization is consistent with findings that P. gingivalis manipulates toll-like receptor-2 signaling in macrophages to escape clearance whilst promoting a nutritionally favorable inflammatory response (82, 151, 287) . In this regard, moreover, macrophage-specific toll-like receptor-2 signaling is linked to inflammatory periodontal bone loss (215) . Specifically, adoptive transfer of toll-like receptor-2-expressing macrophages to toll-like receptor-2-deficient mice enabled P. gingivalis to cause bone loss in the recipient toll-like receptor-2-deficient mice (215) , which are normally resistant to P. gingivalis-induced periodontitis (23) . Experiments in the subcutaneous chamber model (89) 
Macrophage subsets
Mature macrophages display heterogeneity and functional versatility ('plasticity'), although the role of specific macrophage subsets in periodontitis is largely unexplored. Macrophages can alter their functional activities in response to local microenvironmental factors, and this plasticity allows them to function appropriately in distinct conditions (255, 263) . In this context, macrophages can undergo M1 (classical) or M2 (alternative) activation (138, 177, 255) . M1 macrophages can be induced by microbial agents (e.g. lipopolysaccharide) or type 1 cytokines (e.g. interferon-gamma). Relative to M2 macrophages, cells in the M1 subset display an increased ability to phagocytose microbes and enhanced expression of proinflammatory cytokines, costimulatory molecules (e.g. CD86) and antimicrobial molecules (e.g. reactive oxygen species and nitric oxide) but a decreased capacity to phagocytose apoptotic cells (efferocytosis). M1 macrophages are therefore important for protection against microbial pathogens and are early players in the course of infection or inflammation. On the other hand, M2 macrophages can be induced by diverse agonists, including type 2 cytokines (interleukin-4 and interleukin-13), and secrete high levels of interleukin-10 and transforming growth factor-beta1
relative to M1 cells. Thus, they have immunoregulatory properties and promote cell proliferation and tissue regeneration. In fact, the M1 and M2 subsets represent extremes of a continuum of different activation states (184, 190, 255) . Consequently, the M1/ M2 categorization, although conceptually useful, oversimplifies and detracts from the important roles that macrophages play in an ever-changing environment, especially in mucosal tissues, such as the periodontium, that are constantly under microbial challenge (107, 124, 184) . It has also been argued that the M1/M2 classification has largely resulted from in vitro experiments, whereas in vivo macrophage phenotypes at sites of inflammation may not be as clearly defined (24) . For instance, a subset of macrophages associated with resolution of inflammation ('resolving macrophages') in models of acute inflammation, such as chemical peritonitis, share properties of both M1 and M2. This macrophage subset expresses the M1-associated molecules inducible nitric oxide synthase and cyclooxygenase-2, while at the same time expressing mannose receptor (CD206), arginase-1, transforming growth factorbeta and high levels of interleukin-10, all of which are associated with M2 macrophages (24, 259) . Moreover, the phenotype of macrophages involved in inflammation resolution may be tailored to both the characteristics of the tissue microenvironment and the particular inflammatory and microbial stimuli encountered (24, 248 ).
In the above-discussed P. gingivalis-induced periodontitis model, M1 macrophages (defined as CD86-positive) were shown to predominate over M2 macrophages (defined as CD206-positive), suggesting that M1 macrophages probably represent a periodontitis-associated subset (142) . Currently, there are no clinical studies on the association of different macrophage subsets with periodontal disease. However, evaluation of gingival gene expression profiles as indicators of macrophage variation in nonhuman primates showed that M1 macrophage genetranscription patterns increased significantly with aging and with development of periodontitis, whereas changes in M2 gene profiles were relatively modest (75) . Moreover, a recent study utilizing another murine model of periodontitis (induced by placing ligatures impregnated with P. gingivalis) showed that periodontal inflammation is associated with increased presence of both M1-and M2-like macrophage phenotypes (relative to control mice) (296) . Nonetheless, because the ratio of inducible nitric oxide synthase-expressing (M1-like) to CD206-positive (M2-like) macrophages was significantly greater in the experimental periodontitis group compared with the control group, the authors suggested that a phenotypic switch to M1 might contribute to disease in this model.
Although macrophages have been investigated in the context of homeostatic immunity (induction of an immune response with timely resolution of inflammation and restoration of tissue integrity) and as effectors of resolution in various inflammatory diseases and relevant models (191, 259) , they have as yet received little attention in the periodontal research field. The ability of the host to resolve the inflammatory response (to infection or injury) in a timely manner is critical because nonresolving inflammation underlies the pathogenesis and is the common denominator of many chronic diseases, including periodontitis (251) . The successful resolution of inflammation involves a distinct series of processes, including down-regulation of proinflammatory mediators, up-regulation of anti-inflammatory and pro-resolving mediators, termination of neutrophil recruitment, clearance of apoptotic neutrophils by tissue phagocytes (efferocytosis) and tissue repair (267) . Macrophages play a central role in the resolution of inflammation. In this regard, efficient efferocytosis of apoptotic cells by macrophages not only prevents secondary necrosis and inflammation but also reprograms the transcriptional profile of the efferocytic macrophage (termed resolving macrophage). Specifically, upon efferocytosis, macrophages are reprogrammed to reduce the expression of proinflammatory cytokines and increase the expression of regulatory cytokines, including transforming growth factor-beta and interleukin-10 (210, 227, 266) . Macrophage plasticity is therefore crucial for successful resolution of inflammation and merits intensive investigation in both human periodontitis and animal models of the disease. Further research may reveal novel protective roles by resolving or other as-yet-uncharacterized subsets of macrophages in periodontitis.
Osteoimmunology: crosstalk between the immune and bone systems
Osteoimmunology is a relatively new field of study that focuses on the molecular understanding of the crosstalk between the immune and the bone systems (194) . This field has provided important insights into how inflammatory events regulate osteoclasts (Fig. 1) , the cells that, along with osteoblasts, are responsible for bone metabolism. Whereas osteoblasts are involved in bone formation, osteoclasts can resorb bone by demineralizing it and degrading its organic matrix. Under homeostatic conditions, bone resorption is followed by osteoblast-mediated bone formation in a process that involves osteoclast-osteoblast communication and is known as 'coupling' (78) . A persisting inflammatory environment, however, can ultimately disrupt bone homeostasis, resulting in a net loss of bone (i.e. in bone resorption exceeding bone formation). The fundamental mechanism governing bone resorption involves the regulation of osteoclastogenesis by a triad of proteins of the tumor necrosis factor/tumor necrosis factor-receptor family. This group of proteins includes RANKL, its functional receptor RANK and its soluble decoy receptor osteoprotegerin (194) . While osteoclast differentiation and activation are promoted by the binding of RANKL (expressed by osteoblasts and activated Tcells and B-cells) to RANK on osteoclast precursors, osteoprotegerin acts to block the RANKL-RANK interaction, thereby restraining osteoclastogenesis.
A unique feature of the periodontium compared with other mucosal sites, such as the gastrointestinal and respiratory tracts, is that it consists of both mucosal and bone tissue. Thus, it is clear that the cellular and molecular crosstalk between the periodontal immune and bone systems plays a critical role in the regulation of bone homeostasis. Proinflammatory cytokines that can induce RANKL expression in osteoblasts, such as interleukin-1beta, tumor necrosis factor and interleukin-17, are abundant in the inflamed periodontium. Therefore, osteoblasts can contribute to an increase of the RANKL/osteoprotegerin ratio. Interestingly, RANKL and osteoprotegerin were shown to be reciprocally regulated by several stimuli. For instance, interleukin-17 induces RANKL and inhibits osteoprotegerin expression in human periodontal ligament cells (153) , which are also thought to be important in the regulation of osteoclastogenesis (119) . However, adaptive immune cells appear to be the major source of RANKL in human periodontitis. In this regard, approximately 50% of T-cells and 90% of Bcells in diseased gingival tissues of patients with periodontitis express RANKL (122) . RANKL is produced in two different versions: a membrane-bound form; and a soluble form (195) . Osteoblasts and bone marrow stromal cells express predominantly membrane-bound RANKL, which induces osteoclastogenesis through cell contact with osteoclast precursors. On the other hand, activated T-cells and B-cells produce both the membrane-bound and soluble forms of RANKL (Fig. 4) . Soluble RANKL can induce osteoclastogenesis independently of direct contact between infiltrating lymphocytes and osteoclast precursors on the bone surface. Nevertheless, RANKL-expressing T-helper 17 cells, but not T-helper 1 cells, were shown to activate osteoclasts also by direct cell-cell contact (125) .
T-lymphocytes T-cells and homeostatic immunity
To maintain periodontal tissue homeostasis, the immune system proactively patrols the periodontium, which is in constant contact with the toothassociated microbiota (54) . Healthy human gingiva contains a predominantly T-cell-rich inflammatory 
T-cells and antigen-presenting cells in periodontitis
In the Page & Schroeder model, a dense infiltrate of lymphocytes and other mononuclear cells is associated with gingivitis ('early lesion') but not necessarily with periodontitis. Indeed, this stage, as well as the plasma-cell-rich 'established lesion', could remain stable without inevitably progressing to bone loss, the hallmark of the 'advanced lesion' (213) . This key observation is consistent with the concept that periodontitis requires a susceptible host, although we do not fully understand the mechanisms that tip the fine host-microbe balance from a controlled immunoinflammatory state to dysbiotic inflammation sufficient to cause irreversible damage (bone loss) to the periodontium (143) . The association of T-cells expressing the alpha beta T-cell antigen receptor with periodontitis probably represents a cause-and-effect relationship, as suggested by animal model experiments. Studies in the 1990s, using the murine oral gavage model of P. gingivalis-induced periodontitis, indicated that the periodontal adaptive immune response is potentially destructive in periodontitis. Specifically, severe combined immunodeficient mice, which lack both T-and B-cells, develop less P. gingivalisinduced bone loss than do immunocompetent controls (14) . In the same model, major histocompatibility complex class II-restricted CD4-positive T-cell-deficient mice exhibit reduced P. gingivalisinduced bone loss as compared with mice deficient in major histocompatibility complex class I-restricted CD8-positive T-cells or normal controls, thus implicating CD4-positive T-cells in periodontal tissue destruction (13) . In part, because of our enhanced appreciation of the innate-adaptive immune-cell crosstalk (Fig. 1) , we currently know more about CD4-positive T-cells and their functionally distinct subsets and how they are instructed by antigen-presenting mononuclear cells to elicit their immune responses (203, 256) . Before the discovery of toll-like receptors, innate immunity was viewed as a nonspecific, transient and expedient reaction to 'buy time' until the activation of adaptive immunity, the system of B-and T-lymphocytes that express antigen receptors of exquisite specificity. We now recognize that toll-like and other pattern-recognition receptors endow innate immunity with adequate specificity to distinguish between different types of pathogens. Most importantly, it has become apparent that innate immune mechanisms are sophisticated enough to make 'judgments' that instruct the initiation and progression of the adaptive immune response (174) . In contrast to patternrecognition receptors, the exquisite specificity of the adaptive immune receptors is not the result of co-evolution with microbes but rather the outcome of randomly generated gene recombination. Thus, although the overall B-and T-cell-receptor repertoires collectively can bind virtually any antigenic structure (epitope), the cells are essentially ignorant of the biologic context of their antigen specificity. In other words, they know what antigen they can respond to but do not have a clue about whether and how to respond. This information is predominantly provided by dendritic cells, which mediate between detection of infection and induction of the adaptive response. For instance, in the oral mucosa, dendritic cells encounter and capture oral microbes, then migrate to the regional lymph nodes where they provide costimulatory signals and present processed antigen to CD4-positive T-cells, thereby regulating their activation and differentiation into different subsets (43, 291) (Fig. 5) . Given the importance of T-cells in periodontitis, it becomes apparent that dendritic cells can influence the outcome of this oral disease in either protective or destructive directions, and both outcomes have been described in animal models (6, 58, 292) . Langerhans cells are a specialized subset of dendritic cells that are phenotypically hallmarked by their expression of the C-type lectin receptor langerin (CD207). They populate skin epidermis as well as oral and mucosal epithelia, survey their environment for foreign antigens and can regulate T-cell responses (120, 291) . Consistent with an immunoregulatory role, in vivo ablation of langerin-expressing cells in a mouse model of P. gingivalis-induced periodontitis resulted in increased infiltration of B-and T-cells and enhanced bone loss (7) . However, langerin is also expressed by a population of dendritic cells known as langerin+ dendritic cells, which are present in the mouse gingiva, according to an independent study (20) . In fact, that study showed that specific ablation of Langerhans cells (thus retaining langerin+ dendritic cells) had no effect on P. gingivalis-induced bone loss (20) . Therefore, it is plausible that the observed immunoregulatory effects (7) are attributable to langerin+ dendritic cells or require the presence of both Langerhans cells and langerin+ dendritic cells.
T-cell subsets
Upon activation by antigen-presenting cells, such as dendritic cells, naive CD4-positive T-cells can be polarized into distinct effector T-helper cell subsets -T-helper 1, T-helper 2, T-helper 17 and regulatory T cells -depending on the local cytokine milieu. Each of these T-cell subsets has a characteristic cytokine expression pattern and hence distinct functions (136, 288) (Fig. 5) . T-helper 1 cells secrete interferongamma and are responsible for cell-mediated immunity to intracellular pathogens but are also implicated in inflammatory and delayed-type hypersensitivity reactions. T-helper 2 cells secrete interleukin-4, interleukin-5 and interleukin-13, mediate humoral immunity (including IgE) and mast cell activation, and are also involved in allergic reactions. T-helper 17 cells secrete interleukin-17A, interleukin-17F, interleukin-21 and interleukin-22 and mediate responses that recruit neutrophils and activate immunity to extracellular bacterial and fungal infections. Moreover, these cells have been implicated in autoimmune, inflammatory and bone-resorptive disorders. CD4-positive, forkhead box P3-expressing regulatory T-cells secrete interleukin-10 and transforming growth factor-beta and play important regulatory roles in the maintenance of self-tolerance and suppression of unwarranted inflammation by down-regulating T-helper 1, T-helper 2 and T-helper 17 cell effector functions (136, 288) . The differentiation of each of these effector T-cell subsets is driven by distinct cytokines and is controlled by different sets of transcription factors (Fig. 5) . The differentiation of T-helper 1 and T-helper 2 subsets is driven by interleukin-12 and interleukin-4, respectively. Whereas interleukin-12 can be derived from innate immune sources, such as an antigen-presenting dendritic cells, interleukin-4 can be provided by B-cells or by the naive CD4-positive T-cells themselves. The key transcription factors controlling the differentiation of T-helper 1 and T-helper 2 cells are T-box expressed in T-cells and GATA sequence-binding protein-3, respectively. Transforming growth factor-beta, interleukin-6, interleukin-1, and interleukin-21 are involved in the differentiation of T-helper 17 cells, whereas interleukin-23 is important for T-helper 17 cell expansion and survival. All of these cytokines can be derived from innate immune-cell sources, except for interleukin-21, which feeds back on the developing T-helper 17 cells and amplifies the differentiation process. The retinoic acid-related orphan receptor-gammat is the key transcription factor driving the differentiation of T-helper 17 cells. Regulatory T-cells share a reciprocal developmental pathway with T-helper 17 cells because transforming growth factor-beta is also required for the differentiation of naive T-cells into regulatory T-cells, whereas forkhead box P3 controls their development and function (136, 288) .
The T-helper 1/T-helper 2 paradigm
The T-helper 1/T-helper 2 paradigm, which was established in the late 1980s, provided a useful conceptual framework to help understand T-cell involvement in immunity and inflammation, although diseases of immunologic etiology were occasionally pigeonholed into T-helper 1 or T-helper 2 categories without adequate supportive evidence (66) . Similarly, periodontitis cannot be readily described in simple Thelper 1 vs. T-helper 2 dichotomous terms despite over two decades of intensive investigation. Studies in humans and animal models have described both protective and destructive effects associated with either subset (66, 68, 71, 256, 273) . In some reports, T-helper-1-type cytokines (interferon-gamma and interleukin-12) were negatively correlated with periodontal disease severity, ostensibly attributed to the ability of these cytokines to promote cell-mediated immunity and inhibit osteoclastogenesis. Other investigations, however, attributed destructive effects to interferon-gamma and T-helper 1 cells in periodontitis, consistent with the ability of activated T-helper 1 cells to express the osteoclastogenic factor RANKL. Certain studies showed that the presence of T-helper 2 cells was associated with protective effects attributed to the ability of T-helper 2 cells to secrete interleukin-4 and interleukin-13, which can restrain osteoclastogenesis.
Contrasting results linked T-helper 2 cells to the pathogenesis of periodontitis, owing to their capacity to support destructive B-cell responses (66, 68, 70, 256, 273) (Fig. 4) . Under the T-helper 1/T-helper 2 paradigm, an interesting model was proposed according to which T-helper 1 cells predominate in stable early lesions (i.e. when there is a homeostatic balance between the host and the periodontal microbiota), whereas T-helper 2 cells are associated with disease progression beyond the established lesion, featuring an inflammatory infiltrate that is particularly rich in B-cells and antibodysecreting plasma cells (70) . However, as alluded to above, this and other disease models under the T-helper 1/T-helper 2 paradigm are consistent with only a subset of the clinical and experimental data.
T-helper 17 cells
The subsequent discovery of the T-helper 17 and regulatory T-cell subsets has re-invigorated interest in the role of T-cell subsets in inflammatory diseases, including periodontitis. The discovery of T-helper 17 cells is particularly relevant in the context of osteoimmunology, a field of study developed well after the Page & Schroeder model was proposed. We now have a relatively good understanding of how inflammatory events regulate osteoclasts through the osteoprotegerin-RANKL-RANK axis (194) (see above for details). The bone-protective effect of osteoprotegerin is, however, diminished in periodontal disease, as the osteoprotegerin/RANKL ratio decreases with increasing periodontal inflammation often dominated by interleukin-17-expressing T-helper 17 cells (5, 16, 27, 34, 207) .
T-helper 17 cells constitute a significant source of interleukin-17 production in the periodontal tissue (54, 187) . Interleukin-17 potentiates innate immunity, especially neutrophil-mediated host defenses (123) , by promoting granulopoiesis and orchestrating neutrophil recruitment via up-regulation of granulocytecolony stimulating factor and chemokines (284, 294) and down-regulation of developmental endothelial locus-1, an endogenous inhibitor of the leukocyte adhesion cascade (59, 161) (Fig. 3) . However, interleukin-17 also has potent osteoclastogenic properties, in part because of its capacity to stimulate the expression of RANKL in osteoblasts and other stromal cells (139) . Moreover, interleukin-17 can mediate destruction of connective tissue by inducing the expression of matrix metalloproteinases in fibroblasts (178) (Fig. 3) . In addition to secreting interleukin-17, T-helper 17 cells express RANKL and function as a dedicated osteoclastogenic subset that links T-cell activation to osteoclast activation and inflammatory bone destruction (Fig. 1) . Although this concept is derived mostly from studies in rheumatoid arthritis (178) , multiple investigations have shown increased levels of locally produced interleukin-17 in human periodontal tissue affected with periodontitis as compared with healthy periodontal tissue (5, 15, 27, 53, 55, 108, 114, 148, 186, 207, 208, 252, 268, 282, 301) . Although these correlative studies in humans do not prove a cause-and-effect relationship, antibodymediated neutralization of interleukin-17 in different murine periodontitis models (in which the disease is induced spontaneously or upon placement of ligatures) was shown to block periodontal inflammation and bone loss (59, 187) . It should be noted that interleukin-17 is also produced by a variety of adaptive and immune cell types, including CD8-positive Tcells, gamma delta T-cells, natural killer T-cells and innate lymphoid cells (42, 167, 265, 270) . Therefore, the protective effects of anti-interleukin-17 interventions do not necessarily target T-helper 17 cells exclusively.
Interestingly, P. gingivalis-induced periodontitis in Langerhans cell-deficient mice suppresses the numbers of P. gingivalis-specific interleukin-17A-producing CD4 + T-cells but elevates the numbers of P. gingivalis-specific interferon-gamma-producing CD4 + T-cells (compared with wild-type mice), although the induced bone loss is comparable in Langerhans cell-deficient and wild-type mice (20) . This suggests that both T-helper 17 (interleukin-17) and T-helper 1 (interferon-gamma) responses can mediate destructive periodontal inflammation, although another possibility is that interleukin-17 was produced by other cellular sources in Langerhans cell-deficient mice, such as gamma delta T-cells, which are abundant in the mouse periodontium and other mucosal sites (59, 230) . At least in principle, the ability of T-helper 17 cells to secrete interleukin-17 and interleukin-22 could exert a protective effect in periodontitis. As mentioned earlier, interleukin-17 can stimulate granulocyte-colony stimulating factor-dependent granulopoiesis and chemotactic recruitment and activation of neutrophils (109, 284) (Fig. 3) and, moreover, both interleukin-17 and interleukin-22 can induce epithelial cell production of antimicrobial peptides (136) . However, this protective scenario seems more plausible in the case of acute infections. The persistence of T-helper 17 cells at sites of inflammation provides prolonged interleukin-17 signaling, which can turn an acute inflammatory response into chronic immunopathology (156) . Moreover, T-helper 17 cells have been implicated in promoting B-cell responses in autoimmune and inflammatory conditions (60, 102, 180) . In this regard, T-helper 17 cells were shown to act as B-cell helpers by inducing a robust proliferative response of B-cells in vitro and by triggering antibody production with IgG class switch in vivo (180) . The same study showed that inhibition of interleukin-17 signaling leads to a significant decrease in both the number and size of B-cell germinal centers (180) . In a similar context, T-helper 17-derived interleukin-21 synergizes with B-lymphocyte stimulator in stimulating plasma cell differentiation (60) (Fig. 1) . From a pathologic viewpoint, Thelper 17 cells can provide B-cell help in autoantibody-induced arthritis, whereas neutralization of interleukin-17 delays the onset of disease (102) . The possibility of similar mechanisms occurring in the setting of periodontitis has not been investigated, although whether periodontitis includes an autoimmune component remains uncertain (discussed later in greater detail in the section 'Abundance of B-lymphocytes and plasma cells in periodontitis').
Regulatory T-cells
Regulatory T-cells have been identified in chronic inflammatory periodontal lesions (28, 193) . These regulatory cells express forkhead box P3, a transcription factor that induces expression of genes required for their immune-suppressive functions. Regulatory Tcells are classified into natural regulatory T-cells and inducible regulatory T-cells based on the site of maturation. The natural regulatory T-cells are generated in, and released from, the thymus to the periphery as a functionally distinct lineage that already expresses forkhead box P3. The inducible regulatory T-cells originate from na€ ıve T-cells and are induced in the periphery by antigen presentation from tolerogenic dendritic cells in the presence of transforming growth factor-beta and the absence of interleukin-6 and/or interleukin-21. Interleukin-2 and transforming growth factor-beta are required for induction of forkhead box P3 in inducible regulatory T-cells (200) . As the differentiation of T-helper 17 cells is induced by transforming growth factor-beta in combination with interleukin-6 and/or other cytokines, such as interleukin-21, the development of regulatory T-cells and T-helper 17 is reciprocally regulated. In fact, interleukin-6 and interleukin-21 inhibit the expression of forkhead box P3 (by activating signal transducer and activator of transcription-3) and promote (transforming growth factor-beta-induced) retinoic acid-related orphan receptor-gammat expression to induce Thelper 17 cells. In other words, the cytokines controlling the forkhead box P3/retinoic acid-related orphan receptor-gammat balance give rise to regulatory Tcells or T-helper 17 cells, respectively. In a related context, interleukin-23-activated gamma delta T-cells were shown to restrain regulatory T-cells and tip the balance in favor of effector T-helper cells (221) . Moreover, interleukin-23 can induce expansion and stabilization of the T-helper 17 subset and stimulate their production of interleukin-17 (288) . It is therefore plausible that factors which regulate the balance between T-helper 17 and regulatory T-cells can, in principle, influence the pathogenesis of periodontitis.
In both human periodontitis and animal models of the disease, the number of forkhead box P3-positive regulatory T-cells increases in the inflamed periodontium in comparison with healthy tissue (28, 53, 133, 193) . These findings imply a homeostatic mechanism aiming to mitigate collateral tissue damage caused by the overactivation of adaptive immunity. Mechanistically, immunosuppressive cytokines, such as interleukin-10, produced by regulatory T-cells, can inhibit the induction of RANKL expression by activated Tcells (Fig. 1) . Additionally, interleukin-10 may suppress RANKL-mediated differentiation and activation of osteoclasts (183, 217) (Fig. 1) . It should be noted, however, that regulatory T-cells have a substantial degree of plasticity and may lose their suppressive function in an inflammatory environment, implying that an increase in the number of regulatory T-cells does not necessarily mean that these cells will eventually control development of inflammatory disease (200) . In this regard, forkhead box P3 was shown to be overexpressed in active periodontal lesions (along with RANKL, interleukin-17 and other inflammatory cytokines) compared with inactive lesions (53) . Furthermore, it has been suggested that regulatory Tcells may convert into interleukin-17-producing Thelper 17 cells in human periodontitis lesions (208) . In this study, interleukin-17/forkhead box P3 doublepositive cells were detected in periodontitis lesions, intimating an intermediate stage in the process of regulatory T-cell-to-T-helper 17 conversion (208) . In contrast, another investigation failed to detect interleukin-17/forkhead box P3 double-positive cells in the inflammatory infiltrate of human periodontal lesions (216) .
Studies in animal models of periodontitis have provided important insights into the possible function of regulatory T-cells in this oral disease. In murine models of pathogen-induced periodontitis, regulatory T-cells appear in high numbers after the peak emergence of RANKL-expressing CD4-positive T-cells (133) , whereas their depletion (by anti-glucocorticoid-inducible tumor necrosis factor receptor) exacerbates inflammation and bone loss (68) . Conversely, recruitment of regulatory T-cells upon local treatment of mice or dogs with a regulatory T-cellrecruiting chemokine [chemokine (C-C motif) ligand 22] formulation blocks experimental periodontitis in these models (73) . Therefore, therapeutic approaches that promote the presence of regulatory T-cells have the potential to mitigate inflammatory tissue damage in periodontitis.
Our knowledge on the T-cell response in periodontitis has come a long way since the Page & Schroeder model was proposed but the roles of T-cells are still enigmatic. Although the discovery of the T-helper 17 and regulatory T-cell subsets has offered enhanced insights into the pathogenesis of periodontitis, the dissection of the protective and destructive aspects of the periodontal T-cell response remains a complex and challenging endeavor. This may be related to the very nature of periodontal disease, a polymicrobial community-induced dysbiotic malady (88) , in which a potentially protective antimicrobial response could be offset by bystander tissue damage. In summary, while T-helper 17 cells and interleukin-17 have the capacity to mediate protective responses, the current burden of evidence from human and animal model studies suggests that their net effect promotes disease development, whereas the opposite effect (protection) appears to be facilitated by regulatory T-cells (5, 28, 53, 59, 66, 68, 73, 109, 152, 178, 193, 284) .
B-Lineage cells Abundance of B-lymphocytes and plasma cells in periodontitis
In their classic paper, Page & Schroeder described the initial appearance of B-cells and plasma cells as a minor component of the lymphoid infiltrate detected within the early lesion (213) . Upon progression of the disease, however, a dramatic increase in the numbers of these cell types was observed such that the 'distinguishing feature of the established lesion is the predominance of B-lymphocytes and of plasma cells within the affected connective tissue at a stage prior to extensive bone loss' (213) . They reported a further increase in the proportion of B-lineage cells within the infiltrate, yielding the advanced lesion that was associated with overt bone loss. From a histopathologic perspective, plasma cells represented the predominant cell type within periodontitis lesions. As the lesions were described on the basis of morphometric and ultrastructural observations, it is critical to appreciate the limitations of these approaches relative to distinguishing B-cells and T-cells from one another.
Soon thereafter, immunohistochemical and immunofluorescence approaches were utilized by a number of other groups to define more clearly the composition of the inflammatory infiltrate in gingivitis and periodontitis lesions. With advancing knowledge regarding the expression of unique structures on the surfaces of T, B and plasma cells, specific reagents were developed that allowed investigators not only to distinguish these cell types more accurately from one another but also to identify the distribution of lymphocyte subsets within diseased gingival tissue. A majority of these studies has confirmed the observations of Page & Schroeder, demonstrating the predominance of B-lineage cells in clinical scenarios analogous to the established and advanced lesions (17, 18, 113, 127, 181, 274, 297) . B-lineage cells are estimated to comprise around 60% of the total leukocytes that are present in periodontal lesions associated with bone loss (274). We will therefore limit our comments to studies communicating unique findings.
Utilizing CD19 as a marker for B-lineage cells, it was shown that B-cells and plasma cells collectively represented the most common lymphoid cells within the inflammatory infiltrate of tissue from patients with severe chronic periodontitis (50) . Interestingly, moreover B-cells outnumbered both plasma cells and Tcells (50) . Furthermore, a majority of the B-cells were also found to express CD5. This observation was taken to suggest that these cells were analogous to the previously described CD5-positive murine B-1a subset of B-cells. The B-1a subset has been shown to exhibit significant autoimmune activity in a number of murine models. Thus, the presence of large numbers of CD5-positive cells in the periodontitis lesions was interpreted to indicate that autoantibody production has a role in the pathogenesis of periodontitis (18) . Unlike 'conventional' B-cells (B-2) that have a hematopoietic origin, B-1a cells develop from peritoneal precursors during the fetal and neonatal phases of life. They typically respond to common pathogen-associated carbohydrates and tend to produce broadly reactive, but low-affinity, IgM thought to be involved in initial responses to certain bacteria and viruses. It has recently been shown that only a small percentage of CD5-expressing human B-cells exhibit the functional phenotype of B-1a cells (CD5 is expressed on multiple human B-cell populations) (234) . Therefore, it is uncertain whether the CD5-expressing cells detected in periodontitis lesions are truly B-1a cells, at least not in their majority. Moreover, conclusive mechanistic studies implicating an autoimmune component in periodontitis are lacking and the role of autoantibodies in the pathogenesis of periodontitis remains ambiguous but cannot be ruled out at present.
Another investigation utilized an immunohistochemical approach to evaluate the lymphocyte composition of inflamed human connective tissue within long-standing gingivitis and periodontitis lesions (274) . B-lineage cells (CD20-expressing B-cells and CD138-expressing plasma cells) were found in higher numbers in periodontitis lesions relative to gingivitis lesions and in both situations exceeded the number of CD3-positive T-cells. Moreover, an independent study showed that the numbers of plasma cells were significantly elevated in sites associated with periodontal disease progression (≥ 2 mm change in probing attachment levels) in comparison with contralateral sites in which the number of plasma cells remained stable (297) . Recently, another group sought to describe the make-up of the immune-cell populations present in clinically healthy human gingiva (54) . As the focus of the study was homeostatic immunity, they evaluated tissue obtained from 50 healthy subjects and only six patients with chronic periodontitis, for comparative reasons. Utilizing flow cytometric analysis of collagenase-digested tissue, they found significant numbers of T-cells but very few B-cells in healthy samples, an observation consistent with Page & Schroeder's findings regarding the lymphocyte population within the initial lesion. Although the numbers of CD19-positive B-cells were increased in periodontitis relative to health, their analysis did not include plasma cells. Therefore, the overall abundance of B-lineage cells was not estimated and consequently no comparison could be made with the abundance of T-cells.
As discussed in an earlier section of this review, significant effort has gone into determining the contribution of distinct T-cell subsets to the pathogenesis of the plaque-induced periodontal diseases. In contrast, very little is known regarding the distribution of B-lineage cells belonging to well-defined subsets within healthy and diseased periodontal tissues. Even less understood is the role of the cells belonging to distinct B-cell subsets in the maintenance of gingival tissue homeostasis, disease initiation or disease progression. In order to shed light on these issues, a very recent study evaluated the phenotypes of B-lineage cells detected in samples of healthy, diseased (gingivitis and periodontitis) and treated (resolved-periodontitis) human gingiva (164) . Utilizing flow cytometry, na€ ıve B-cells, memory B-cells, plasmablasts and plasma cells were identified based upon the differential expression of a panel of relevant cell-surface molecules (CD19, CD27, CD38, CD138, HLA-DR, IgG and IgA). As one would predict, the percentage of Blineage cells was highest in cell suspensions prepared from tissue affected by periodontitis. Very few na€ ıve B-cells were detected in any of the samples, while plasma cells, as expected, were the predominant Blineage cell in periodontitis samples. The majority of B-cells observed in healthy, gingivitis and treated samples exhibited the memory cell phenotype. When intact healthy tissue was examined using immunohistochemistry, the memory B-cells were localized adjacent to the junctional epithelium, leading the investigators to speculate that the cells are involved in maintaining gingival homeostasis. The mechanism (s) through which this occurs was not delineated.
Potential mechanisms of B-cell and plasma-cell involvement in periodontitis As these questions are actually intertwined, we will attempt to review the current knowledge in a systematic manner.
Our understanding of the cellular and molecular mechanisms underlying the recruitment, activation and differentiation of B-lineage cells in peripheral lymphoid and nonlymphoid tissues has increased dramatically since the description of the four lesions by Page & Schroeder. Typically, mature B-cells that exit the bone marrow are activated and induced to undergo differentiation into antibody-secreting plasma cells or memory cells in an antigen-dependent manner within secondary lymphoid tissues. For most microbial antigens (T-dependent) this requires engagement of the B-cell antigen receptor (cell-surface-bound immunoglobulin) and secondary signals derived from T-cells. A small number of antigens (Tindependent) with highly repetitive structures, most notably bacterial polysaccharides, can cross-link multiple antigen receptors and stimulate B-cells in the absence of T-cells. Additionally, innate signals (such as lipopolysaccharide and other conserved microbial structures) may enhance antigen-mediated activation by binding to toll-like receptors (toll-like receptor-4, toll-like receptor-7 and toll-like receptor-9) expressed by human B-cells (104) . It is well established that the inflammatory infiltrate within gingivitis and periodontitis lesions represents the host response to the polymicrobial challenge provided by the plaque biofilm. These organisms express well-defined T-dependent and T-independent antigens that are likely to induce local activation and differentiation of B-cells into plasma cells within gingival connective tissue. Additionally, bacterial antigens can be transported via antigen-presenting cells to local lymph nodes, leading to the generation of activated B-cells and plasma cells that selectively home to the site of bacterial challenge.
Chemokine (C-X-C motif) ligand 13 (also known as B-lymphocyte chemoattractant) is a chemokine expressed by several cell types (follicular dendritic cells, endothelial cells, fibroblasts and macrophages) that binds chemokine (C-X-C) receptor 5 on the surface of mature B-cells and serves to recruit, in a selective manner, these cells to sites such as the follicular component of lymph nodes (57) To examine whether chemokine (C-X-C motif) ligand 13 can serve a similar purpose in the periodontium (i.e. to help recruit Bcells), the expression of this chemokine in gingival connective tissue from subjects with gingivitis or periodontitis was evaluated (192) . Significantly increased numbers of chemokine (C-X-C motif) ligand 13-expressing cells were detected in periodontitis compared with gingivitis. These cells were localized to the connective tissues underlying the pocket epithelium and, importantly, the numbers of chemokine (C-X-C motif) ligand 13-expressing cells were positively correlated with the number of CD19-positive cells. It was concluded that enhanced expression of chemokine (C-X-C motif) ligand 13 was in part responsible for the recruitment to, and distribution of, B-cells within the diseased tissue (Fig. 4) .
A large body of literature currently exists on the role of cytokines in the pathogenesis of periodontal disease. Specifically related to B-lineage cells, increased expression/production of multiple molecules relevant to their activation, proliferation, differentiation, function and survival has been detected in diseased gingival tissue. Classically, most notable are interleukin-4, interleukin-5 and interleukin-6, which are involved in B-cell differentiation into antibody-secreting plasma cells (170) and, furthermore, are up-regulated in periodontitis (65) . More recently, two cytokines belonging to the tumor necrosis factor superfamily, APRIL (also known as tumor necrosis factor ligand superfamily member 13) and B-lymphocyte stimulator (also known as B-cell-activating factor or tumor necrosis factor ligand superfamily member 13B) have been linked to the survival and maturation of human Bcells (25, 157) . Interleukin-6 and APRIL play important roles in maintaining the survival of long-lived plasma cells within the bone marrow (135) . Epithelial cells stimulated by toll-like receptor ligands constitute a rich source of APRIL (100), while activated myeloid cells (e.g. neutrophils, macrophages and dendritic cells) express B-lymphocyte stimulator (242) . It was recently reported that expression and production of both APRIL and B-lymphocyte stimulator are enhanced in gingival tissue from patients with periodontitis relative to healthy controls (1), and these findings were confirmed by a subsequent independent study (164) . The abundance of the abovediscussed cytokines in periodontitis (relative to health) can, at least in part, account for the maintenance and predominance of B-cells and plasma cells in periodontitis lesions.
Despite their abundance in advanced periodontal lesions, the precise role of B-lineage cells in the pathogenesis of periodontitis remains quite enigmatic, although several mechanisms are plausible (Fig. 4) . By mediating humoral immunity, B-cells/ plasma cells could, in principle, have a protective function in periodontitis. For instance, the antibody response could contribute to the control of the polymicrobial dysbiotic communities in periodontal pockets and prevent invasion of bacteria into the gingival connective tissue, thereby limiting inflammation and disease. A large number of studies have addressed this issue and the topic has been extensively reviewed (71, 243, 289) . In general, antibody levels have typically been found to be elevated in diseased individuals relative to healthy controls. Surprisingly, the high titer of antibody found in patients does not appear to ameliorate the disease. It has been suggested that antibody responses to periodontal bacteria in patients with periodontitis are of low affinity and/or poor opsonophagocytic capacity (71, 243, 289) . In fact, individuals with the highest titers of antibody tend to exhibit severe alveolar bone loss relative to low-titer controls (130) . Conceptually, antibody, particularly IgG, has the capacity to exacerbate inflammatory reactions and tissue degradation via a number of mechanisms, including activation of complement and Fc receptor-mediated activation of innate immune cells. In this regard, advanced periodontitis is associated with increased deposition of IgG immune complexes along with complement activation fragments (117, 199, 278) . Overall, whether antibodies specific for periodontitis-associated bacteria play a protective, a destructive or an innocuous role in the pathogenesis of periodontitis remains to be clarified, as do the precise mechanisms involved.
Since the early 1970s, it has become increasingly obvious that B-lineage cells have immune and inflammatory functions that extend well beyond simply antibody production, such as antigen presentation to T-cells, expression of proinflammatory/ osteoclastogenic cytokines and expression of matrix metalloproteinases, thereby having the potential to induce degradation of both soft and hard tissue. Thus, it is feasible that these cells participate in the immunopathogenesis of periodontitis via functions that are independent of their role in humoral immune responses (18, 74) . Two of the hallmarks of the established and advanced lesion described by Page & Schroeder are collagen degradation and alveolar bone resorption. Owing to the then-limited information, they were unaware of the potential of B-lineage cells to influence in a proactive manner both of these processes. The association of elevated numbers of plasma cells with an increase in collagen breakdown (113) is consistent with their ability to release (in addition to interleukin-1, tumor necrosis factor and interleukin-6) matrix-degrading enzymes, including collagenase (18, 71, 111) . B-lineage cells also constitute a major source of both membranebound and secreted RANKL in the bone-resorptive lesions of human periodontitis (122) . Indeed, more than 90% of B-cells express RANKL in periodontitis lesions, whereas the percentage of RANKL-positive Bcells in healthy gingiva is negligible (122) . It has recently been demonstrated that B-cells and plasma cells in diseased human periodontal tissue constitute a significant source of the so-called secreted osteoclastogenic factor of activated T-cells (112), a cytokine that induces osteoclast differentiation via a RANKLindependent pathway (229) . It is therefore plausible that B-lineage cells may participate in the induction of pathological bone loss in periodontitis via both RANKL-dependent and -independent effects on osteoclast precursors.
Mechanistic studies in animal models and clinical intervention
The notion that B-lineage cells mediate bone loss in periodontitis is supported by findings from animal model studies. Adoptive transfer of bacterial antigenspecific B-cells into rats followed by local oral exposure to the same bacterial species (Aggregatibacter actinomycetemcomitans) leads to RANKL-dependent periodontal bone loss (98) , even when the recipient rats are congenitally athymic and hence T-cell deficient (94) . This suggests that B-cells can contribute to periodontal bone loss independently of any possible cooperation with T-cells. IgD-deficient mice [which have delayed B-cell affinity maturation (232) ] exhibit diminished B-cell activation and are protected against bone loss induced by oral gavage with P. gingivalis compared with wild-type controls (12) . The role of B-cells in periodontitis was addressed more recently in studies utilizing wild-type and B-cell knockout mice; these mice, also known as lMT, do not express membrane-bound IgM and consequently B-cell development is blocked at the pro-B stage (132) .
Utilizing an oral gavage model, one study implicated B-cells in periodontal bone loss in normal mice as the results showed that C57BL/6J B-cell knockout mice are protected from P. gingivalis-induced bone loss relative to wild-type mice, which developed modest bone loss compared with sham-infected controls (209) . Another study reported that lean, normoglycemic C57BL/6J B-cell knockout mice raised on a low-fat diet were not protected from P. gingivalis-induced bone loss, while obese, insulin-resistant B-cell knockout animals were completely protected (302) . The investigators interpreted the findings to suggest that B-cells are 'able to promote periodontitis only if the hosts are primed by obesity'. The discrepancy between the two studies is not clear but different experimental conditions, use of different P. gingivalis strains and frequency of their oral inoculation, might have contributed to the different outcome. Apparently, the experimental protocol used in the latter study did not readily support the development of a B-cell infiltrate in lean mice that is characteristic of human periodontitis, consistent with the authors' comment that 'later phases of periodontal disease may be better studied in a model characterized by B-cell-dominated lesions that mimic long-term human disease' (302) .
An alternative to the oral gavage model is the ligature-induced periodontitis model. The placement of a ligature facilitates rapid accumulation of a heavy biofilm around the teeth and represents a model of accelerated inflammation and bone loss, which is more robust than the bone loss seen in the oral gavage model and hence more sensitive to detect subtle differences (2, 77) . This model involves early and strong activation of complement and expression of high levels of interleukin-6, as well as APRIL and Blymphocyte stimulator (1, 3, 158) , which are all factors that promote B-cell activation, proliferation and differentiation (25, 29, 33, 157) . Accordingly, in a ligature-induced periodontitis study, gingival B-cells and plasma cells were detected in significant numbers 5 days after initiation of periodontitis in wild-type mice, and their numbers increased through day 10, correlating with increased expression of IgG during the same time interval (1) . Consistent with the absence of substantial numbers of B-lineage cells in wild-type mice during the first 5 days of the study, wild-type mice developed bone loss comparable with that experienced by B-cell knockout mice at the same time interval (1) . In stark contrast, however, wild-type mice developed significantly more bone loss than did B-cell knockout mice at day 10 when B-cells/plasma cells were abundant, suggesting that B-lineage cells contribute to a late phase of ligature-induced alveolar bone loss (1) . In the same study, neutralizing monoclonal antibodies to APRIL and B-lymphocyte stimulator diminished the number of B-cells in the gingival tissue of wild-type mice and protected them from bone loss. Both antibodies failed to inhibit bone loss in B-cell knockout mice, indicating that the observed effects of anti-APRIL and anti-B-lymphocyte stimulator were mediated through their action on B-cells. In summary, B-cells and B-cell-stimulatory cytokines are temporally and causally linked to periodontal bone loss.
Although the animal experiments described above provide compelling evidence that B-cells are involved in the induction of alveolar bone loss, there is minimal corroborating data from investigations on humans. A very recent study evaluated the periodontal status of two groups of patients with rheumatoid arthritis treated with rituximab (anti-CD20 monoclonal antibody) (39) . Based on the evaluation of a number of clinical periodontal parameters, they showed that the majority of subjects exhibited an improvement in their periodontal status compared with that before initiation of rituximab therapy. It was concluded that B-cells play 'a major role' in the immunopathogenesis of periodontitis. Taken together with relevant clinical observations discussed above and animal model-based mechanistic studies, B-cells and plasma cells do appear to contribute to the breakdown of soft-and/or hard-tissue components of the periodontium, probably via several mechanisms.
In conclusion, the observations reported by Page & Schroeder 40 years ago provided the impetus for investigators to evaluate the functional significance of the accumulation of B-lineage cells in periodontitis lesions. It is now clear that these cells are anything but innocent antibody-producing bystanders within inflamed gingival connective tissue. In fact, they have the capacity to play an active role in the immunopathogenesis of the disease (Fig. 4) .
Complement
Page & Schroeder only briefly mentioned complement in their landmark paper (213) . Complement was suspected to play a role in the initial lesion, as it was 'probably present in the extravascular gingival tissues' but there was 'insufficient evidence to determine the role, if any, that these substances may play at this stage in the pathogenesis' (213) . Regarding the established lesion, they cited 'evidence for the presence of complement and antigen-antibody complexes, especially around the blood vessels' but similarly did not expand on its possible biological significance. However, soon after their publication, several groups showed that gingival crevicular fluid from patients with periodontitis contains complement cleavage products at significantly higher levels than in gingival crevicular fluid samples from healthy controls (10, (245) (246) (247) . Moreover, an abundance of complement components and cleavage products was demonstrated in chronically inflamed gingiva, whereas complement was undetectable or present at lower levels in gingival biopsy samples from healthy controls (41, 141, 277) . Therefore, 5 years later, Page & Schroeder acknowledged that complement may play an important role in periodontitis, although 'the extent to which complement participation is protective in contrast to destructive has not been resolved' (214) . They discussed complement as a source of endogenous chemotactic substances (C5a) for the recruitment of neutrophils, noting that its effects may not necessarily be destructive because complement could also play a protective role (promotion of bacterial phagocytosis through C3b opsonization) (214) .
Subsequently, it was shown that experimental gingivitis in human volunteers induces progressive complement activation (as determined by C3 conversion) that correlates with elevated clinical inflammatory parameters (218) . Conversely, but consistently, the resolution of periodontal inflammation in patients during successful therapy is associated with reduced complement activation (198) . More recently, a study using an integrative gene-prioritization method and databases from genome-wide association and microarray approaches has identified the central complement component C3 amongst the top 21 most promising candidate genes associated with periodontal disease (300) .
Also in recent years, complement started to be appreciated as a central system of immune surveillance and homeostasis and a key link between innate and adaptive immunity (228) . Specifically, it was realized that complement is not restricted to a linear cascade of events but rather involves a network of interactions with other immune and physiological systems, which collectively coordinate host responses to infection or tissue injury. For instance, complement activation can amplify immune and inflammatory responses by synergizing with toll-like receptors (86) , form a barrier against the spread of invading bacteria by augmenting local clotting (168) and regulate antigen-presenting cells and the activation and differentiation of T-cell subsets (51) . These developments greatly facilitated recent complement studies in periodontitis.
As also acknowledged by Page & Schroeder, clinical periodontal observations are correlative and do not necessarily establish a cause-and-effect relationship between complement activation and periodontitis. Evidence implicating a destructive role of complement in periodontitis was generated by recent intervention studies in relevant animal models, including nonhuman primates. Briefly, it has been shown that complement is exploited by periodontal bacteria in ways that promote the dysbiotic transformation of the microbial community and, moreover, complement signaling pathways synergize with toll-like receptors in eliciting an inflammatory response that leads to alveolar bone destruction (3, 87, 90, 158, 162, 287) . It should be noted that, despite enhanced complement-dependent inflammation in periodontitis, important disease-associated bacteria (such as P. gingivalis, Tannerella forsythia, Treponema denticola and Prevotella intermedia) are equipped with several mechanisms to protect themselves against complement-mediated opsonophagocytosis or lysis, including inhibition of opsonization and the ability to capture and co-opt physiological inhibitors of complement (e.g. factor H or C4b-binding protein) (116, 166, 176, 224, 225, 244) . On the basis of mouse studies that C3-dependent inflammation is critical for longterm sustenance of periodontal dysbiotic communities and for maximal induction of alveolar bone loss (158) , translational studies were undertaken in nonhuman primates. These studies showed that local C3 inhibition (using the drug compstatin Cp40) blocks both inducible and naturally occurring periodontitis in cynomolgus monkeys, thus unequivocally linking complement activation to periodontal tissue destruction (158, 159) .
Local tissue control of inflammation in periodontitis
This review has focused on the pathogenic role of leukocytes infiltrating the periodontium, as the main objective was to revisit the Page & Schroeder model of the involvement of myeloid and lymphoid cells in inflammatory periodontal disease. That said, it is becoming increasingly apparent that local tissues may have greater control (than traditionally acknowledged) over the initiation and properties of the developing immune response, by virtue of their ability to communicate with and instruct the immune system through tissue-derived (stromal/parenchymal) signals, such as cytokines, chemokines, antimicrobial peptides, growth factors and recently identified locally acting homeostatic molecules (84, 172, 262) . In other words, tissues are not passive recipients of immune surveillance. In this context, tissue-derived 'alarm' signals (e.g. locally produced cytokines or chemokines) can educate and appropriately activate antigen-presenting cells to promote a particular type of host response (172) . Conversely, when no longer needed, the recruitment of inflammatory leukocytes can be suppressed or arrested by local homeostatic or 'health' signals (e.g. endothelial-cell-derived developmental endothelial locus-1 or locally produced resolvins) to promote resolution of inflammation and tissue regeneration (59, 172, 179, 251, 262) . Stromal cells in the periodontium, such as junctional epithelial cells, gingival fibroblasts, periodontal ligament cells and vascular endothelial cells normally contribute to periodontal tissue homeostasis. However, under an inflammatory challenge, they appear to have the requisite plasticity to alter their phenotypes and contribute to the host response, which, however, has significant potential to cause tissue damage (63, 115, 145) . The notion that local tissues have a 'regulatory say' over the host inflammatory response is consistent with evidence that immune-privileged sites (e.g. the brain and the eye) have built-in mechanisms to promote the appropriate class of immune response that can potentially protect the tissue against infection without destructive inflammation (172, 197, 264) . In this context, the spontaneous periodontal inflammatory phenotype of developmental endothelial locus-1-deficient mice suggests that tissues expressing developmental endothelial locus-1 have the potential to control the local host inflammatory response. Intriguingly, immune-privileged tissues/organs display abundant expression of developmental endothelial locus-1 at even higher levels than peripheral tissues (e.g. lung or the gingiva) (35, 59) , and developmental endothelial locus-1 deficiency in mice promotes experimental autoimmune encephalomyelitis, a model of multiple sclerosis (36) . Therefore, tissues and organs appear to have evolved local homeostatic mechanisms for protection against the destructive potential of the immune system. Identification of the tissue-specific promoters and inhibitors of leukocyte recruitment, as well as the mechanisms that regulate them, is key to further our understanding of the pathogenesis of plaque-induced periodontal diseases and develop novel approaches to treat them.
The 'double-edged sword' nature of the periodontal host response Much of the uncertainty on the roles of the various cell types in periodontitis is probably a result of the 'double-edged sword' nature of the immune system and the complex etiology of periodontitis. The notion that the host response can be intimately involved in the destructive process has been conclusively demonstrated in animal models. For instance, the inhibition of the host response through various approaches (e.g. blocking complement activation, prostaglandin synthesis and proinflammatory/osteoclastogenic cytokines, such as tumor necrosis factor, interleukin-1, interleukin-17 and RANKL) was shown to reduce inflammatory bone loss in several rodent and nonhuman primate models of inducible or naturally occurring periodontitis (47, 59, 150, 154, 158, 159, 160, 205, 272) . On the other hand, an optimally regulated host response can provide homeostatic immunity and thus be protective. In this context, Page & Schroeder proposed that stable gingivitis may represent a protective host response that prevents transition to periodontitis (213) . Ample evidence exists which shows that elements of innate or adaptive immunity can prevent or ameliorate disease severity. For instance, immunization of rats or nonhuman primates against P. gingivalis protects against bone loss induced by inoculation of this bacterium (72, 121, 211, 220, 226) . Similar protective effects were observed after adoptive transfer of T-helper lymphocytes in a rat model of periodontitis (293) . Moreover, both humans and mice with defective ability to recruit neutrophils to the periodontal tissue (e.g. because of leukocyteadhesion deficiency) fail to regulate the host response properly and develop an aggressive form of periodontitis early in life (187) .
There is a fine balance between homeostatic immunity and immune pathology and it is possible that the protective vs. pathogenic actions of leukocytes in periodontitis reflect appropriate vs. aberrant operation of regulatory mechanisms. This, in turn, is probably influenced, to a significant extent, by genetic, epigenetic and environmental factors (128, 146, 206) , as well as by the immune-subversive capacity of the periodontal microbial communities (88) . Moreover, the 'double-edged sword' behavior of a given leukocyte type may be attributed to the activation of different subsets with functionally distinct roles that could be protective or destructive, depending on the context. In this regard, the recent concept of immune plasticity has led to the realization that the function of recruited leukocytes can be tailored to the requirements of the tissue through intimate crosstalk with tissue-derived factors; this adaptation can contribute critically to immune homeostasis and resolution of inflammation (21, 26, 67, 255, 263) . However, when the tissue environment is deficient in critical homeostatic molecules, this becomes a predisposing factor for leukocyte-driven inflammatory tissue destruction (59) . In general, important advances have been made in the periodontal research field that can potentially provide insights as to when leukocyte recruitment serves homeostatic immunity as opposed to pathology or when inflammation resolution fails and proceeds to a chronic stage (56, 59, 93, 175, 187, 208, 251, 281) . Page & Schroeder proposed their periodontal pathogenesis model in the absence of this recent knowledge (immune plasticity, specialized functional leukocyte subsets, local homeostatic mechanisms, etc.). Yet, their model was one that could be improved upon with emerging knowledge but not one that could be ignored or appreciated only for its historical interest.
Conclusions and future directions
As alluded to above, the Page & Schroeder model remains fundamentally relevant with regard to the main cellular players involved and their order of appearance during the development of periodontitis. What has changed tremendously in our understanding of this disease is the elucidation (albeit still incomplete) of the cross-interactions and roles of the various players and that the host response develops in a setting of dysbiosis rather than infection. In comparison with current knowledge, relatively little was known in the 1970s about crosstalk between leukocytes via 'products of activated lymphocytes' (cytokines) at the time that Page & Schroeder proposed their model of periodontal disease pathogenesis (213) , or even 5 years later in a subsequent review by the same authors (214) . We now have an improved understanding of how different leukocyte types communicate between themselves and with humoral systems, such as complement, to stage immune and inflammatory responses in the periodontium, and this knowledge has offered promising therapeutic targets (18, 66, 68, 81, 256, 271) . Furthermore, we now appreciate that many of the infiltrating cells exhibit functions that extend well beyond their classically accepted roles in the disease process. For example, the contribution of neutrophils is not restricted to the initial lesion; rather, neutrophils appear to be significantly involved in the chronic stages of periodontitis and may potentially contribute to the regulation of both T-and B-lymphocytes (85) (Figs 1 and 2 ), as shown in other disease settings (239) . The lymphocytes, in turn, come in different 'flavors', that is, different functional subsets, each of which may play distinct roles in periodontal disease pathogenesis (Fig. 5) . Regulatory T-cells, for instance, may have a protective role by preventing or mitigating excessive inflammation, whereas T-helper cells, especially Thelper 17 cells, can become destructive as they are important sources of potent proinflammatory cytokines and osteoclastogenic factors, including tumor necrosis factor, interleukin-17 and RANKL; the last is also produced in large amounts by activated B-cells and plasma cells (122, 298) (Fig. 4) .
Despite the progress made, there are significant gaps in our knowledge on the interrelationships of the types of leukocytes involved in periodontitis and how the four lesions evolve. Thus, there are many exciting challenges ahead in the periodontal field. For example, T-helper 17 cells are now implicated as effective B-cell helpers for antibody responses linked to autoimmune and inflammatory conditions, such as arthritis (60, 102, 180) , although their involvement in the establishment of the B-cell/plasma-cell-rich lesions of periodontitis has not yet been addressed. Similarly to T-lymphocytes, mature macrophages also display heterogeneity and functional versatility ('plasticity'). However, the role of specific macrophage subsets in periodontitis is largely unexplored. In functional analogy to regulatory T-cells, certain populations of B-cells, collectively termed regulatory Bcells, can inhibit immunopathology by suppressing the expansion of pathogenic T-cell subsets such as Thelper 1 and T-helper 17 cells (30, 233) . Moreover, another newly discovered subset of B-cells in mice and humans, termed age-associated B-cells, is thought to represent a memory subset induced by nucleic acid-containing antigens in the context of an inflammatory cytokine environment (196) . Age-associated B-cells accumulate progressively with age, can have both protective and pathogenic effects (e.g. in autoimmunity) and appear to favor T-helper-cell polarization to a T-helper 17 profile (97, 196) . The existence of age-associated B-cells or regulatory Bcells (let alone their function) in the periodontium has yet to be addressed. Whereas it has long been known that the numbers of mast cells are elevated in active periodontal lesions (297), they were recently implicated in the pathogenesis of experimental mouse periodontitis (165) . As with age-associated B-cells, their exact role (e.g. whether they are involved in early or late stages of the disease) remains unknown. Additionally, little is known about newly identified cell types, such as the innate lymphoid cells, a family of innate lymphocytes enriched at mucosal epithelial barrier surfaces, where they have been implicated in both homeostatic immunity and immune pathology. The family comprises three different subsets, known as Group 1, Group 2 and Group 3, which mirror the functional characteristics of T-helper 1, T-helper 2 and T-helper 17 cells, respectively (9) . Interleukin-17-expressing innate lymphoid cells have been identified in the human and mouse periodontium (54, 187) , although their exact role awaits elucidation.
Another open issue is the dichotomy between homeostatic protective and destructive host responses. The components of these responses and mechanisms that regulate them have not yet been adequately illuminated. If the microbial challenge is controlled by innate and -if necessary -adaptive immune mechanisms then the inflammation is resolved and tissue healing ensues. In such cases, some initial tissue damage would be a small price to pay. If the inflammatory response, however, does not control the dysbiotic insult, then the stage is set for persistent chronic inflammation and overt periodontitis, owing to collateral release of inflammatory mediators, tissue-destructive enzymes and cytotoxic substances from the activated innate and adaptive leukocytes, as well as the generation of cleavage products of complement activation that have chemoattractant and cell-activating properties.
In the last 40 years, we have come to know more about the 'bad' and 'good' players in periodontitis but are still experiencing a journey of unknowns. Indeed, the periodontal research field has generated more questions than it has provided answers in the past four decades, but this is an inevitable consequence of the progress made: the more we understand, the more we know to ask. Nevertheless, the increased understanding of the cytokine and complement networks for innate-adaptive immune crosstalk, the dissection (to some extent) of the molecular mechanisms governing the recruitment, activation and regulation of leukocytes and insights into the immune regulation of osteoclastogenesis have produced a number of promising therapeutic targets for human periodontitis on the basis of successful preclinical studies (73, 78, 95, 99, 131, 169, 179, 254, 275) .
